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SECTION  I 

INTRODUCTION 

Aircraft  propulsion  systems  are  sized  to  satisfy  critical  mission  points,  such 
as  subsonic  cruise  or  high  altitude  takeoff  for  transports  and  maximum  acceleration 
or  high  altitude  dash  for  tactical  aircraft.  This  sizing  determines  the  flow  areas 
required  and  the  extent  of  variable  geometry  to  be  incorporated  in  the  inlet  and 
nozzle.  Any  time  the  aircraft  flies  at  other  than  these  design  points,  the  pro¬ 
pulsion  system  is  operating  in  an  off-design  condition  with  resultant  performance 
penalties.  Throttle  dependent  forces  are  a  result  of  changes  in  engine  power 
setting  and  the  subsequent  inlet  and  nozzle  geometry  and  flow  variations.  The  issue 
of  throttle  dependent  forces  becomes  more  critical  as  aircraft  are  required  to 
operate  over  wider  Mach  number  ranges,  as  is  the  case  for  tactical  aircraft,  or  to 
finer  performance  tolerances,  as  is  the  case  for  transports. 

For  tactical  aircraft.  Reference  1  points  out  that  increasing  the  maximum 
design  Mach  number  leads  to  larger  inlet  capture  areas  and  therefore  greater  off- 
design  losses  when  operating  at.  subsonic  cruise  Mach  numbers.  In  addition,  the 
required  nozzle  area  is  increased,  producing  large  drag  penalties  as  a  result  of 
high  nozzle  boatt.ail  angles  at  reduced  Mach  numbers.  Two  examples  of  inlet/nozzle 
area  variability  for  a  Mach  2.5  tactical  aircraft  are  shown  in  Figures  1  and  2.  For 
this  aircraft's  mission,  the  engine  airflow  requirement  can  range  from  60  to  100 
percent  of  that  air  which  can  be  brought  into  the  propulsion  system.  When  operating 
at  capture  area  ratios  that  are  substantially  less  than  1.0,  the  penalty  from 
spilled  excess  air  can  be  substantial.  The  nozzle  area  variation,  as  a  function  of 
Mach  number  and  engine  flow,  is  shown  in  Figure  2.  For  efficient  internal  per¬ 
formance  across  the  aircraft  mission  profile,  the  nozzle  exit  to  throat  area  ratio 
must  vary  from  1.0  to  2.6.  The  associated  external  geometry  variations  can  result 
in  drag  penalties  during  subsonic  cruise.  The  combined  impact  (inlet  and  nozzle 
flow  and  geometry)  of  these  penalties  on  specific  fuel  consumption  (pounds  of  fuel 
per  pound  of  thrust  per  hour. . .obviously  the  smaller  the  better)  for  a  Mach  2.5 
aircraft  at  Mach  0.9  cruise  can  be  large. 

Although  not.  required  to  operate  over  the  wide  Mach  number  range  required  *or 
tactical  aircraft,  the  subsonic  transport  is  driven  by  a  requirement  for  finely 
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tuned  performance.  The  subsonic  inlet  is  sized  for  cruise  altitude  and  Mach  number 
and  generally  carries  no  variable  geometry  other  than  blow-in  doors  for  additional 
inlet  area  at  takeoff.  For  this  class  of  installation,  correct  determination  of 
throttle  dependent  forces  is  necessary  to  guarantee  the  minimum  required  installed 
engine  performance  crucial  to  the  air  transport  industry.  The  relative  values  of 
spillage  drag  for  a  supersonic  inlet  versus  a  subsonic  inlet  are  shown  in  Figure  3. 

The  importance  attributed  to  throttle  dependent  forces,  for  both  tactical  and 
subsonic  transport  aircraft,  is  demonstrated  by  the  many  past  and  ongoing  efforts  to 
determine  their  consequence  across  the  flight  regime.  To  aid  in  the  understanding 
of  this  critical  area,  this  report  will  provide  basic  definitions,  examples  at 
various  flight  points,  and  an  examination  of  techniques  for  determining  these 
forces. 
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Figure  3.  Typical  Subsonic  Spillage  Drag  Curves  (Reference  a) 
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SECTION  II 

BASIC  CONCEPTS  AMO  EXAMPLES 

Throttle  dependent  forces  include  all  internal  and  external  forces  acting  on 
the  aircraft,  that  are  produced  v/hen  the  engine  power  setting  is  changed.  These 
forces  are  not  only  the  forces  on  the  engine  streamtube  but  also  the  external  forces 
on  the  aircraft  related  to  the  inlet  and  nozzle  flow  fields.  A  complete  set  of 
basic  definitions  relevant  to  throttle  dependent  forces  are  included  at  the  end  of 
this  report.  This  section  will  present  concepts  and  examples  relating  to  primary 
inlet  and  nozzle  throttle  dependent  forces. 

1.  SUPEPSONIC/TRANSONIC  AIRCRAFT  INLETS 

An  aircraft  inlet  captures  freestream  air  and  reduces  its  velocity  so  the 
engine  can  process  it  in  a  stable  and  efficient  manner.  In  order  to  minimize 
compressor  work,  inlet  diffusion  should  be  accomplished  with  a  minimum  of  total 
pressure  loss.  The  inlet  should  also  deliver  the  working  fluid  with  minimum  dis¬ 
tortion,  all  over  a  wide  range  of  Mach  number,  angle-of-attack,  angle-of-sidesl ip, 
and  engine  demand.  The  supersonic  inlet  for  a  tactical  aircraft  must  also  be  sized 
to  provide  a  maximum  demand  airflow  which  usually  occurs  at  maneuver  or  acceleration 
conditions.  When  the  aircraft  is  at  a  subsonic  cruise  condition,  however,  the 
engine  needs  to  process  only  a  limited  mass  flow  associated  with  40-60  percent 
maximum  dry  thrust.  The  inlet,  however,  is  still  capable  of  processing  larger  mass 
flow  closer  t0  maximum  demand.  Figure  4  illustrates  the  excess  airflow  the  inlet 
provides  at  flight  conditions  below  the  Mach  3.0  design  condition.  The  forces 
resulting  from  handling  this  excess  air  are  referred  to  as  spillage  drag  and  bypass 
drag.  The  general  flow  conditions  for  a  supersonic  inlet  are  shown  in  Figure  5. 

Spillage  drag  is  the  result  of  the  inlet  operating  on  freestream  air  beyond 
that  demanded  by  the  engine  and  consists  of  additive  drag  and  lip  suction  com¬ 
ponents.  Additive  drag  (also  referred  to  as  pre-entry  drag)  is  a  calculated  force 
used  in  thrust-drag  bookkeeping  procedures  and  is  the  loss  in  momentum  from  the 
freestream  to  the  inlet  entrance  of  the  flow  influenced  by  the  inlet  capture  area, 
Ac.  For  a  Mach  3.0  cruise  aircraft,  the  additive  drag  can  be  as  much  as  ?0  percent 
of  the  total  drag  at  subsonic  cruise  point  (Refetence  6).  Lip  suction,  sometimes 
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referred  to  as  cowl  drag  or  cowl  suction,  is  the  result  of  the  spilled  inlet  airflow 
moving  along  the  external  inlet  cowl  surface.  This  term  may  be  a  positive  or 
negative  (usually)  axial  force  depending  on  the  flow  characteristics  and  surface 
contours.  Spillage  drag  is  the  sum  of  additive  drag  and  lip  suction  and  is  a 
■^unction  of  inlet  mass  flow  (or  throttle  setting).  Generally,  the  spillage  drag 
decreases  as  engine  demand  mass  flow  increases  (Figure  6). 


A  portion  of  the  air  taken  into  the  inlet  may  not  be  used  to  produce  engine 
thrust.  This  excess  airflow,  or  bypass  air,  is  brought  on  board  the  aircraft, 
worked  by  the  inlet  compression  system  and  then  dumped  overboard  upstream  of  the 
engine  face  through  doors  or  slots  or  routed  to  the  nozzle.  This  results  in  a  force 
due  to  the  loss  in  momentum  in  the  flight  direction  between  freest.ream  and  the  door 
or  slot  exit  conditions  and  the  change  in  local  forces  on  external  surfaces  in¬ 
fluenced  by  the  bypassed  air.  As  will  be  seen  in  the  examples,  this  bypass  flow  can 
affect  not  only  lift  and  drag,  but  also  aircraft  stability  and  control.  The  bypass 
drao  and  spillage  drag  are  related  and  can  be  traded  off  against  each  other.  Roth 
•ire  a  function  of  inlet  mass  flow  (Figure  7)  and  are  counted  as  a  part  of  the  inlet 
drag.  Advanced  technology  engines  such  as  the  variable  cycle  engine  or  high  airflow 
‘■ngine  may  reduce  spillage  and  bypass  drag  by  keepina  engine  airflow  demand  high 
over  all  operating  conditions.  Engine  weight,  size,  and  complexity,  however,  must 
he  traded  aaainst  reduced  inlet  throttle  dependen*  forces. 

The  control  of  the  shock  wave  position  and  prevention  of  shock  induced  flow 
separation  in  the  inlet  can  be  accomplished  bv  bleeding  boundary  air  from  the  inlet 
ramps,  cowls,  or  sidewalls  and  dumping  that  flow  overboard.  This  produces  for ces 
similar  to  the  bypass  flow  which  must  be  considered  in  supersonic  inlet  throttle 
dependent  forces. 

?.  SUPFRSON I C/TRANSONIC  AIRCRAFT  NOZZLES 

Traditional ly,  the  nozzle  has  functioned  as  an  engine  control  valve  and  as  a 
device  tc  accelerate  the  engine  flow,  convention  fho  thermal  energy  of  the  enoit. 
flow  to  ,iet  kinotir  energy.  For  these  processes  to  be  efficient,  oeometrv  should  b< 
variable.  The  forces  related  to  throttle  position  changes  are  gross  thrift 
i' internal)  and  external  nozzle  boattail  and  hasp  drao.  Another  related  throttip 
dependent  fore  is  .iet  interference,  the  aerodynamic  interaction  of  the  exhaus* 
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Figure  6.  Spillage  Drag  (Reference  4) 
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Figure  7.  Tradeoff  of  Spillage  and  Bypass  Drag  (Reference  6) 
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plume  with  nearby  aircraft  surfaces.  Nozzle  pressure  ratio  is  a  parameter  which 
relates  freestream  Mach  number  and  engine  airflow  at  the  nozzle  throat  (especially 
at  afterburning  power  and  above)  and  is  dependent  on  engine  airflow  in  much  the  same 
way  as  mass  flow  ratio  relates  inlet  performance  to  engine  airflow.  It  is  defined 
as  the  ratio  of  the  total  pressure  at  the  nozzle  throat  to  t.he  freestream  static 
pressure. 

Typical  nozzle  internal  performance,  as  a  function  of  nozzle  pressure  ratio  and 
nozzle  area  ratio,  is  shown  in  Figure  8.  No  one  area  ratio  provides  optimum  thrust, 
across  the  nozzle  pressure  ratio  range.  This  leads  to  variable  area  nozzles  and  the 
geometry  changes  which  create  external  throttle  dependent  forces.  Representative 
variable  geometry  nozzle  changes  are  shown  in  Figure  9.  Note  the  area  ratio  (Ag/Afi) 
and  boattail  angle  changes  at  the  three  power  settings.  Typical  external  drag 
coefficients  as  a  function  of  nozzle  exit  area  are  shown  in  Figure  10.  With  the 
maximum  external  cross  sectional  area  (A^)  fixed,  the  changing  exit  area  (Ag) 
results  in  external  geometry  changes  and  draq  variations  across  the  Mach  number 
spectrum.  Also  as  nozzle  airflow  and  exit  pressure  vary,  the  plume  shape  and  its 
influence  changes  the  afterbody  drag.  Figure  11  illustrates  the  influence  of  the 
plume  at  subsonic  and  supersonic  freestream  conditions.  In  subsonic  flow,  the  plume 
turns  and  entrains  the  external  flow,  producing  a  strong  upstream  influence.  In 
supersonic  freestream  flow,  the  typical  plume  becomes  "solid"  and  produces  a  shock 
system  which  can  impact  adjacent  aircraft,  surfaces.  In  addition,  even  in  supersonic 
flow,  the  jet  exhaust  can  influence  the  external  nozzle  forces  for  a  short  distance 
upstream  through  the  subsonic  boundary  layer.  Boattail  drag  results  fron  external 
air  flowing  over  the  afterbody  and  producing  a  nonpotent.ial  flow  pressure  dis¬ 
tribution.  This  flow  is  affected  by  boundary  layer  displacement  on  the  boattail 
surface  which  can  be  larqe  due  to  an  adverse  pressure  gradient  at  the  nozzle/plume 
'uncfinn.  In  the  extreme  case,  a  large  boattail  angle  or  a  strong  shock  at  the 
nozzle  plume  junction  can  result  in  flow  separation  and  increased  drag. 

The  base  drag  of  the  nozzle  is  dependent  on  the  nozzle  pressure  ratio.  For 
small  base  areas,  increasing  nozzle  pressure  ratio  pressurizes  the  base  area  and 
decreases  drag.  Larger  base  areas  may  result  in  increased  drag,  due  to  steeper 
turning  angles  at  the  boattail  plume  junction.  A  typical  functional  relationship 
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Figure  10.  Aft  End  Drag  Map  (Reference  5) 
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Figure  11.  Jet  Interference  (Reference  3) 
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between  base  area  and  base,  boattaii,  and  total  afterbody  draq  is  shown  in  Figure 
12.  It  should  be  noted  that  most  modern  aircraft  have  extremely  small  base  areas. 

A  summary  of  the  primary  throttle  dependent  forces  for  supersonic/transonic 
aircraft  is  presented  in  Figure  13.  Inlet  capture  area  and  nozzle  exit  areas  become 
larger  as  the  maximum  Mach  number,  which  usually  sizes  the  propulsion  system,  is 
increased.  Thus  inlet  spillage  drag  and  afterbody  drag  become  strong  factors  during 
off  design  operation,  especially  during  the  subsonic  cruise  mission  leg. 

3.  OTHER  TACTICAL  AIRCRAFT  THROTTLE  DEPENDENT  FORCES 

Other  related  throttle  dependent  considerations  are  inlet  total  pressure 
distortion  and  pressure  recovery,  tail  interference  and  .iet-induced  effects. 

One  measure  of  the  qualify  of  the  flow  that  the  inlet  provides  to  the  enoine 
face  is  the  total  pressure  distortion.  This  phenomenon  is  always  present  in  some 
degree  but  is  not  a  factor  unless  the  engine  surges  and  there  is  a  loss  of  thrust. 
Inlet  pressure  recovery,  the  measure  of  total  pressure  loss  of  the  inlet  streamtuhe 
from  freestream  to  the  engine  face,  is  not  a  direct  throttle  dependent  force,  but  is 
direcfly  related  to  changing  engine  mass  flow  or  inlet  geometry. 

Any  aircraft  surface  near  the  jet  plume  can  be  influenced  by  throttle  positior. 
An  example  of  the  change  in  normal  force  on  a  horizontal  tail,  as  a  function  of 
anqle-of-at.tack  and  jet  on/off,  is  presented  in  Figure  14.  The  high  tail  shows  no 
iet  influence,  while  the  low  tail  is  strongly  influenced  bv  the  presence  of  the  jet. 

Further  indirect  throttle  dependent  forces  can  result  from  lift  and  moments 
generated  on  inlet  and  nozzle  surfaces  and  from  induced  lift  and  moments  on  adjacent 
aircraft  lifting  surfaces.  If  trim  changes  are  required  to  balance  these  forces,  a 
throttle  dependent  trim  drag  will  occur.  A  graphical  presentation  of  the  change  in 
pressure  distribution  on  a  wing  with  close  coupled  jet  plume  is  shown  in  Fiqure  15. 
This  change  in  pressure  distribution  produces  an  increment  of  total  aircraft  lift, 
draq,  and  pitching  moment  which  is  dependent  on  engine  throttle  setting.  This 
influence  is  well  documented  and  advanced  aircraft  are  currently  being  configured  to 
fake  advantage  of  this  effect. 
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Figure 


12.  Effect  of  Base  Size  on  Boat.tail-,  Base-,  and  Total  Pressure 
Drag  (Reference  3) 
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Figure  13.  Inlet/Nozzle  Throttle  Dependent  Forces  (Reference  7) 
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A.  EXAMPLES  -  SIJPERSON I C/TRANSONIC  AIRCRAFT  THROTTLE  DEPENDENT 

FORCES 

F-15 

The  F-15  aircraft,  shown  in  Figure  16,  has  variable  inlets  and  exhaust  nozzles 
and  offers  good  examples  of  throttle  dependent  forces.  The  inlet  (Figure  17)  has  a 
variable  second  and  third  ramp  and  variable  capture  area  achieved  by  rotating  the 
inlet  about  a  transverse  hinge  point  at  the  lower  cowl  lip.  This  rotating  inlet, 
which  is  well  forward  of  the  center-of-gravity ,  has  a  significant  effect  on  aircraft 
longitudinal  stability  and  control  across  the  subsonic/transonic  Mach  number  spectrum 
of  the  F-15.  Other  components  of  throttle  dependent  forces,  spillage  drag  and 
bleed/bypass  draq  are  illustrated  in  Figure  IP..  The  resulting  forces  and  their 
contribution  to  the  total  inlet  drag  as  a  function  of  inlet  capture  ratio  is 
presented  in  Figure  19.  Note,  as  discussed  earlier,  the  cowl  drag  partially  offsets 
the  additive  drag.  A  wind  tunnel  model  with  independent  inlet  and  airframe  force 
balances  provided  an  indication  of  the  effect  of  varying  inlet  mass  flow  on  separate 
inlet  and  aircraft  forces.  When  comparing  these  forces  (Figure  20)  a  favorabTe 
interaction  is  evident  above  an  inlet  capture  area  ratio  of  0.5  as  the  inlet  drag  is 
increasing  as  the  aircraft  drag  is  decreasing.  This  interaction  was  identified  by 
surface  pressures  to  be  at  least  partially  the  result  of  flow  over  the  boundary 
layer  diverter  and  gun  fairing  surfaces.  The  F-15  nozzle,  required  to  pass  engine 
airflows  for  flight  up  to  2.5  Mach  number  and  efficiently  produce  thrust,  can  have 
boattail  angles  ranaing  from  8  to  18  degrees.  The  resulting  nozzle  drag  variation 
(Figure  21 )  across  the  flight  regime  can  be  from  2  to  44  drag  counts  as  boattail 
angle  increases. 

XB-70 

For  larqe  supersonic/transonic  aircraft  with  high  airflow  propulsion  systems, 
the  throttle  dependent  forces  are  reflected  in  total  drag  and  aircraft  stability  and 
control.  The  XB-70,  with  6  engines,  dumped  bleed  and  bypass  flow  at  various 
locations  around  the  aircraft  (Figure  2?).  As  a  result,  the  percent  of  total 
airplane  drag  attributed  to  these  flows  is  as  much  as  10  percent  in  supersonic 
flight  (Fiqure  23).  The  bypass  operation  also  affected  aircraft  stability  and 
control  illustrated  in  Figure  24.  It  is  seen  that  rolling  moment  and  pitchino 
moment  were  strong  functions  of  bypass  door  opening.  The  overall  aircraft  drao 
change  with  power  lever  angle  at  two  Mach  numbers  is  shown  in  Fioure  25.  While  this 
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Inlet  drag  =  Additive  drag  ♦  Upper  cow!  drag  *  Lowe'  cowl  drag  ♦  SideplaU  drag 

where 

Additive  drag  =  Drag  on  three  ramps  +  Stream  thrust  in  inlet  throat  -  free-stream  stream  thrust 

(a)  Relationships  used  in  the  calculation  of  pressure  integrated  inlet  drag 

Bleed  airflows 
second  Thjrd 


Aq  =  JtBleed  airflows)  4  Engine  airflow 

(b)  Diagram  showing  sum  of  inlet  captured  stream  tube  area  (.A  and 
geometric  capture  area  (Ac> . 

Figure  18.  General  Terms  for  Pressure-Integrated  Tnlet.  Drags  and  Inlet 
Capture  Radios  (Reference  9) 
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Figure  19.  Typical  Pressure  Integrated  Inlet  Drag  Components  from  F-15 
Flight  Data  (Reference  II) 
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Figure  2D.  Comparison  of  Inlet,  and  Aircraft  Drag  Data.  =  0.9 
(Reference  12) 
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Fiqure  PI.  Nozzle  Surface  Pressure  Instrumentation  and  Boattail  Drag 
Coefficient  versus  Mach  Number  (Reference  11) 
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Figure  ?4.  Ff  feet.  of  Bypass  Operation  on  Aircraft  Stability  (Reference  6) 
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Figure  ?F>.  Changes  in  Orag  with  Fngine  Power  lever  Angle  (Reference  13) 
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six  engine  installation  is  not  typical,  note  that  nearly  one-third  of  the  change  is 
base  drag. 

5.  SUBSONIC  AIRCRAFT  INLETS/NOZZLES 

The  propulsion  system  for  subsonic  aircraft,  while  not  required  to  respond  to 
the  large  engine  mass  flow  changes  of  supersonic  aircraft,  is  required  to  produce 
high  levels  of  performance  in  sometimes  very  complicated  aircraft  integrations.  The 
engine  is  usually  podded  under  a  wing  or  on  the  fuselage  to  take  advantage  of  high 
energy  freestream  flow  and  is  usually  designed  to  satisfy  the  maximum  airflow 
requirement  with  the  smallest  possible  inlet  capture  area.  Further,  driven  by 
weight  considerations ,  the  subsonic  inlet  design  will  not  likely  have  bleed/bypass 
provisions  and  the  problems  of  off-design  operation  increase.  The  inlet  may  incor¬ 
porate  blow-in-doors  to  handle  the  extra  airflow  required  for  takeoff  (compared  with 
cruise  airflow)  to  avoid  an  oversized  inlet  for  cruise.  A  typical  wino  pylon/nacel le 
installation  (Figure  26)  shows  the  potential  for  throttle  dependent  forces  around 
*ho  inlet,  the  afterbody/nozzle,  the  pylon  and  thp  wing.  For  an  aircraft  with  short 
takeoff  and  landing  (STO|_)  requirements,  configurations  such  as  the  Boeing  YC-14 
(Figure  27 )  with  upper  surface  blowing  have  been  proposed.  The  high  degree  of 
potential  engine/aircraft  interaction  is  obvious.  Any  engine  airflow  changes  will 
affect  not  only  the  inlet  flow  field  and  the  airframe  in  the  proximity  of  the  inlet 
but  also  the  Clow  on  the  wing  upper  surface,  changing  the  lift,  drag,  and  pitching 
moment  characteristics  of  the  aircraft. 

The  subsonic  inlet  generally  has  rounded  cowl  lips  and  is  sized  for  a  capture 
ratio  (Ao/Ai)  near  unity  at  cruise.  Figure  28  presents  the  subsonic  inlet  flow 
character  for  a  range  of  mass  flows  and  illustrates  the  changing  stagnation  point, 

S,  which  directly  relates  to  both  components  of  spillage  drag,  i.e.  additive  drag 
and  cowl  lip  suction.  With  a  velocity  ratio  greater  than  1,  the  flow  stagnates 
outside  the  cowl  and  part  of  the  captured  flow  rapidly  accelerates  around  the  cowl. 
This  can  produce  flow  separation  on  inside  cowl  surfaces,  resulting  in  reduced 
engine  face  total  pressure  recovery  and  reduced  thrust.  This  problem  is  especially 
critical  for  STOL  aircraft,  which  have  climb-out  angles  typically  around  40-50 
degrees  and  flow  stagnation  on  part  of  the  eacelle  on  the  outside  cowl  surfaces. 
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Fiqurp  ?8.  Definition  of  Inlet.  Capture  Area,  Ai ,  and  Characterization  of  Flow 
Incidence  Approachinn  Inlet  via  Mass  Flows  Patio  Ao/Ai  (Reference  5) 
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Changes  in  inlet  and  nozzle  flow  can  affect  the  engine  cowl,  pylon  and  wing 
surface  pressures.  Reference  16  attributes  up  to  2.5  percent  of  the  total  aircraft 
drag  to  this  interaction,  a  significant  factor  for  transports  where  a  few  drag 
counts  are  critical  to  the  success  of  a  commercial  operator.  For  an  aircraft,  with 
upper  surface  blowing,  the  jet  obviously  changes  the  wing  forces  and  both  con¬ 
ventional  and  advanced  installations  will  experience  throttle  dependent  lift,  drag, 
and  pitching  moment  changes. 

6.  EXAMPLES-SUBSONTC  AIRCRAFT  THROTTLE  DFPFNDENT  FORCES 

Airbus  A300B 

The  Airbus  A300B  nacelle  (Figure  29)  is  a  good  example  of  a  transport  propul¬ 
sion  installation  with  throttle  dependent  forces.  The  changes  in  pressure  dis¬ 
tribution  on  the  wing  lower  surface,  pylon,  core  engine  cowl,  and  fan  cowl  as  the 
jet  is  changed  from  flow-through  (natural  flow)  to  an  exhaust  flow  simulation  are 
presented  in  Figure  30.  The  largest  change  in  pressure  distribution  is  on  the  core 
engine  cowl,  with  smaller  changes  on  the  pylon,  fan  cowl  and  wing.  These  pressure 
distribution  changes  with  different  jet  conditions  result  in  the  pressure  drag 
coefficient  increments  shown  in  Figure  31.  Note  the  core  engine  cowl  drag  is 
soro'*iii^+  offset  by  the  other  contributors. 

a 

The  NASA  Ouiet.  Short-Haul  Research  Aircraft  fOSRAl  is  an  example  of  propulsive 
lift  transport  with  strong  throttle  dependent  effects.  The  aircraft  (Figure  32)  has 
a  4  engine  nacel 1 e-over-winq  propulsion  installation  similar  to  other  upper  surface 
Mewing  configurations.  The  engine  exhaust  flowc  over  the  upper  wing  and  flaps  so 
changes  in  throttle  setting  affect  aircraft  lift.,  drag  and  pitchino  moment.  Total 
rtirnafi  lift  coefficient  at  takeoff,  F inure  33,  shows  the  lift  dependence  or  engine 
rpm.  Total  lift  coefficient  at  100  percent  thrust  (curve  A)  is  appreciably  greater 
than  the  total  lift  coefficient  at  60  pe. cent  thrust  (curve  B).  llhen  the  total  lift 
generated  with  the  direct  thrust  component  is  removed  from  both  curves  A  and  B, 

Curve  C  results.  This  lift  curve  is  approximately  17  percent  hiqher  across  the 
anglp-nf-attack  range  than  the  basic  v/ing  lift  curve,  curve  D.  Clearly,  the  throttle 
dependent  interaction  of  the  propulsive  flow  and  the  airframe  is  a  large  contributor 
to  the  mission  performance  of  this  aircraft. 
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Figure  31.  ACn  versus  for  Wing,  Pylon,  Fan  and  Core  Engine  Cowl  (Reference  16) 
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AGM-109 

The  throttle  dependent  forces  for  cruise  missiles  follow  the  trends  exhibited 
in  larger  aircraft.  For  the  AGM-109  cruise  missile  (Figure  34)  spillage  drag 
increases  with  decreasing  engine  mass  flow  demand  (Figure  35)  and  the  boattail/base 
drag  first  decreases  and  then  increases  with  increasing  nozzle  pressure  ratio 
(Figure  36). 


Figure  34.  AGM-109  Three  View  Drawing  (Reference  18) 


Figure  35.  Subcritical  Inlet  Spillage  Drag  Variation  with  Inlet  Mass  Flow 
Ratio  (Reference  18) 
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SECTION  III 

DETERMINATION  OF  THROTTLE  DEPENDENT  FORCES 

Since  the  measurement  of  throttle  dependent  forces  in  flight  is  generally  not 
possible,  experimental  results  from  wind  tunnels  and  analytical  techniques  are  used. 
This  section  will  present  tools  and  techniques  for  the  experimental  and  analytical 
estimation  of  these  forces. 

1.  EXPERIMENTAL  TECHNIQUES 

The  experimental  approach  for  determining  throttle  dependent  forces  is  based  on 
the  thrust/drag  accounting  system  typically  established  for  aircraft  systems.  This 
system  orderly  assembles  force  increments  from  various  wind  tunnel  models  to  correct 
a  reference  configuration  to  a  full  scale  aircraft.  Three  different  models  are 
typically  used:  an  aerodynamic  force  and  moment  model,  an  inlet  model,  and  a  nozzle 
(jet  effects)  model  (Figure  37).  The  aerodynamic  force  and  moment  model  is  the 
aerodynamic  reference  configuration  which  usually  has  a  simple  inlet  and  nozzle 
geometry  representation.  This  model  is  typically  4-7#  scale  for  fighter  aircraft, 
usually  sting  supported,  fully  metric,  and  uses  a  flow-through  duct  propulsion 
system  simulation. 

The  inlet  spillage  model,  or  inlet  drag  model,  usually  simulates  only  a  partial 
aircraft.  The  fuselage  forebody  and  inlet  are  modeled,  though  the  fuselage  is  often 
only  represented  to  approximately  3  inlet  heights  downstream  (Reference  4).  At 
least  partial  span  wings  should  be  present  to  the  extent  needed  to  account  for  all 
areas  affected  by  the  inlet  flow  ■field.  This  model  is  larger  than  the  aerodynamic 
force  and  moment  model  ( 1 0-15  percent  scale);  is  equipped  with  suction  at  low  speed 
or  relies  on  ram  air  for  inlet  flow;  is  instrumented  with  pressures  at  the  engine 
face  (rake)  and  on  cowl  surfaces;  accurately  represents  the  inlet  geometry;  incor¬ 
porates  simulation  of  bleed,  bypass  and  auxiliary  doors  if  necessary;  and  measures 
the  total  inlet  forces  with  a  force  balance. 

The  accuracy  of  the  mass  flow  through  the  inlet  is  especially  important  with 
typical  accuracies  of  mass  flow  quoted  to  ±  0.5  percent  (Reference  16).  The  spil¬ 
lage  drag,  as  well  as  bleed  and  bypass  forces,  ran  be  determined  from  pressures  or 


31 


AFWAL-TR-85-3055 


full  Salt  Aircraft 


Figure  37.  Projection  of  Full  Scale  Aircraft  Performance  (Reference  7) 
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force  balances.  Representative  inlet  spillage  models  are  shown  in  Figure  38.  The 
F-15  model  in  this  example  is  supported  by  two  flow-through  sting  tubes  and  is 
instrumented  with  two  force  balances  and  multiple  surface  pressures. 

The  jet  effects  model  is  used  to  determine  throttle  dependent  forces  due  to  the 
exhaust  plume  and  to  the  variable  geometry.  The  model  generally  duplicates  aircraft 
lines  although  usually  only  the  afterbody  is  metric,  i.e.  on  the  force  balance. 

High  pressure  cold  air  over  a  range  of  nozzle  pressure  ratios  is  generally  used  to 
represent  the  nozzle  flow.  The  model  may  be  supported  in  a  number  of  ways 
(Figure  39)  though  the  wingtip  support  is  often  preferred.  Experimental  parameters 
include  nozzle  pressure  ratio,  nozzle  boattail  angle,  nozzle  internal  area  ratio, 
angle-of-attack  and  Mach  number.  Instrumentation  for  this  model  generally  consists 
of  force  balances  which  measure  afterbody  drag  or  thrust-minus-drag  and  surface 
pressures  which  may  be  integrated  to  determine  the  nozzle  forces. 

While  experimental  determination  of  throttle  dependent  forces  for  subsonic 
transports  uses  an  approach  similar  to  that  used  for  tactical  aircraft,  the  require¬ 
ment  to  guarantee  aircraft  performance  to  the  commercial  operator  prior  to  the 
aircraft  sale  puts  increased  emphasis  on  accuracy.  Propulsion  forces  which  depend 
on  nacelle  shape,  pylon  placement  and  complex  jet  exhaust  interactions  require 
careful  calibration  of  massflow  and  controlled  testing.  On  a  short  nacelle,  the 
simultaneous  simulation  of  the  inlet  and  nozzle  flow  often  requires  the  use  of 
propulsion  simulators,  which  add  to  cost  and  model  complexity.  Typical  model 
testing  techniques  for  transport  aircraft  are  shown  in  Figure  40. 

The  selection  of  model  hardware  to  determine  throttle  dependent  forces  is 
driven  by  factors  present  in  all  wind  tunnel  tests.  The  resources  available  limit 
the  overall  achievable  test  objectives  which  in  turn  define  the  model  complexity  and 
therefore  the  test  approach.  Tssues  include:  model  size  versus  accuracy;  use  of 
force  balances  versus  pressure  area  integration;  extent  of  aircraft  and  propulsion 
stream  simulation;  Reynolds  number  simulation;  available  hardware,  facility,  and 
cost.  Each  test  presents  individual  problems  in  sizing^  model  internal  space,  data 
reduction  and  corrections,  and  other  items  which  impact  the  desired  and  achievable 
accuracy  (Reference  ?0).  All  test  variables  involved  must  be  closely  examined  and 
compared,  so  that  the  most  effective  compromises  can  be  made  between  what  is  desired 
and  what  is  feasible. 


Figure  40.  Transport  Testing  Techniques  (Reference  19) 
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2.  H I FF I  CULT I ES  IN  EXPER  IMENTAL  TESTING 

Reference  1  identifies  several  difficulties  in  wind  tunnel  determination  of 
inlet  and  nozzle  throttle  dependent  forces,  including  errors  in  parameter  matching, 
inadequate  flow  field  simulation,  model  support  influence,  and  tunnel  effects  such 
as  blockage  and  buoyancy.  Other  wind  tunnel  considerations  are  the  method  of 
propulsion  flow  simulation,  model  support  testing  options,  measurement  and  deter¬ 
mination  of  forces,  and  determination  of  accuracy  and  repeatability. 

The  simulation  of  the  propulsion  stream  has  been  and  is  currently  the  subject 
of  a  great  deal  of  research  and  debate.  Current  techniques  used  in  wind  tunnel 
testing  are  presented  in  Figure  41.  For  the  inlet  spillage  model,  the  inlet  flow 
must  be  correctly  simulated  to  give  proper  levels  of  spillage  drag,  cowl  drag  and 
inlet  flow/aircraft  interactions.  The  location  of  the  stagnation  point  on  a  trans¬ 
port  nacelle,  for  example,  should  match  between  wind  tunnel  and  flight  to  provide 
comparable  inlet  flow.  This  flow  can  be  simulated  by  active  suction  for  low  speed 
conditions  nr  rely  on  ram  air  and  a  variable  position  mass  flow  plug  for  higher  Mach 
numbers.  For  aircraft  that  have  independent  inlet  and  nozzle  flow  fields,  these 
techniques  are  adequate.  When  changes  in  the  inlet  mass  flow  and/or  geometry  do  not 
affect  the  aircraft  afterbody  flow,  or  if  changes  in  the  exhaust  nozzle  geometry  or 
exhaust  *low  do  not  appear  to  affect  the  flow  around  the  inlet,  the  inlet  and  nozzle 
flowfields  are  determined  to  be  independent.  If  the  flowfields  do  interact,  as  in  a 
transport  nacelle,  the  propulsion  system  is  called  "short  coupled"  or  "closely 
coupled".  There  is  no  convention  for  determining  if  an  aircraft  propulsion  system 
is  close  coupled  or  independent.  Depending  on  the  particular  installation  and  the 
overall  propulsion  system  length,  interactions  can  range  from  none  at  all  to  major. 
This  issue  has  been  the  driver  behind  development  of  turbine  and  ejector  powered 
propulsion  stream  simulators  for  tactical  aircraft  wind  tunnel  models.  For  closely 
coupled  inlet/nozzle  flows,  typically  encountered  in  transports,  these  special 
techniques  may  be  required.  Turbine  simulators  are  small  compressors  with  high 
pressure  air  turbine  or  electric  motor  drive.  This  technique  has  been  utilized  with 
success  on  transport  nacelles  and  is  being  investigated  for  close-coupled  fighter 
aircraft.  The  turbine  simulator  matches  most  inlet  and  nozzle  flow  conditions,  but 
can  be  mechanically  complex  and  does  not  account  for  temperature.  Ejector  simulators 
use  a  propulsive  pumping  action  to  control  the  inlet/nozzle  flow  at  point  desian 
conditions.  Although  primarily  emphasized  in  the  European  technical  community, 
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these  simulators  have  been  investigated  at  Arnold  Engineering  Development  Center, 
with  best  results  achieved  at  transonic/supersonic  Mach  numbers.  The  whole  array  of 
propulsion  stream  simulation  techniques  for  jet  transport  aircraft  is  shown  in 
Figures  4?  and  43.  These  approaches  are  generally  applicable  for  fighter  aircraft 
as  well.  Correct  simulation  of  the  inlet  and  nozzle  flows  must  be  considered  when 
throttle  dependent  forces  are  to  be  determined. 

Exhaust  nozzle  flow  from  a  jet  engine  is  characterized  by  the  nozzle  pressure 
ratio,  gas  temperature,  gas  combustion  products,  total  pressure,  total  temperature 
distortions,  swirl,  and  turbulence.  Perhaps  because  it  is  not  possible  to  simulate 
all  parameters  in  a  part  scale  wind  tunnel  model,  one  source  (Reference  20) 
states:  "the  jet  should  be  simulated  as  simply  as  possible."  This  has  led  to  a 
variety  of  techniques  for  jet  plume  simulation,  the  most  common  being  the  use  of 
high  pressure  cold  air.  Such  a  simulation  is  relatively  easy  to  control  and  incor¬ 
porate  into  a  wind  tunnel  model.  This  technique,  however,  accounts  for  only  the 
nozzle  pressure  ratio  jet  parameter.  Solid  plume  simulators  have  also  been  used 
with  different  fairings  to  simulate  nozzle  pressure  ratio  changes.  This  technique 
partially  accounts  for  the  nozzle  pressure  ratio  effect  using  a  calculated  plume 
shape  to  fabricate  model  plume  contours  but  does  not  provide  for  jet  entrain¬ 
ment/mixing  effects.  A  hybrid  jet  simulation  which  can  double  as  a  model  support 
system  is  an  annular-jet.  The  model  is  supported  by  a  st.ina(s)  through  the  nozzle, 
and  high  pressure  air  is  ducted  around  the  sting  (Figure  44).  This  technique  o*fers 
promise  but  has  limited  angle-of-attack  and  jet  simulation  capability. 

In  experiments  where  hot  and  cold  exhaust  plumes  have  been  utilized  to  deter¬ 
mine  nozzle  boattail  forces,  the  cold  jet  consistently  had  hiqher  hoattail  drau 
values  than  a  hot  jet  at  similar  nozzle  pressure  ratios.  This  is  due  to  different 
plume  shapes  and  entrainment  characteristics ,  with  the  largest  differences  occurring 
for  large  boattail  angles  at  high  transonic  Mach  numbers.  Effects  of  exhaust 
temperature  has  been  simulated  using  gases  having  different  ratios  of  specific  heat, 
by  burning  ethylene  in  the  nozzle  plenum,  or  by  using  real  engines.  While  these 
approximately  simulate  the  real  exhaust  jet,  it  adds  cost  and  complexity  to  an 
already  difficult  model.  An  approximate  correction  for  temperature  effects  can  be 
achieved  by  increasing  the  cold  jet  nozzle  pressure  ratio  to  produce  a  maximum  plume 
diameter  for  the  corresponding  hot  jet. 
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The  assumption  that  the  inlet  and  nozzle  flow  fields  are  independent  allows 
separate  determination  of  inlet  and  nozzle  throttle  dependent  forces.  However,  if 
the  inlet  is  faired  over,  as  in  a  jet  effects  model,  the  entire  flow  is  spilled  and 
can  change  the  aerodynamic  character  of  the  afterbody/nozzle  (Reference  22). 
Simultaneous  simulation  of  the  inlet-nozzle  flow  is  limited  by  available  wind  tunnel 
testing  techniques.  Figure  45  demonstrates  the  impact  of  inlet  fairing.  The 
illustration  compares  the  changes  in  afterbody/nozzle  drag  for  two  aircraft  models. 
Note  that  probably  neither  the  inlet  fairing  nor  the  dead  end  inlet  is  a  correct 
simulation  and  that  lift  and  pitching  moment  are  also  affected.  This  is  a  necessary 
compromise  for  most  research  and  development  efforts. 

One  reason  it  is  not  possible  to  test  an  accurate  scale  version  of  the  complete 
aircraft  is  that  wind  tunnel  models  have  support  systems  which  interfere  with  the 
flow  field  and  perhaps  compromise  the  data.  The  quest  for  interference  free  support 
systems  has  led  to  a  number  of  concepts  for  both  transports  and  fighter  aircraft. 
Figure  46  shows  stings,  plates,  half-models,  and  wingtip  supports,  all  utilized  for 
transport  configuration  tests.  Representative  support  techniques  for  a  fighter 
aircraft  model  are  presented  in  Figure  47.  Each  support  system  has  its  own  set  of 
deficiencies,  and  all  have  a  strong  transonic  influence.  According  to  Glidewell 
(Reference  22)  and  Kennedy  (Reference  25),  a  strut  support  can  be  properly  designed 
for  subsonic  or  supersonic  use;  however,  such  a  support  can  be  a  large  contributor 
to  blockage  and  interference  transonically.  The  wingtip  support  minimizes  blockage 
and  interference  but  distorts  aircraft  wing  lines  on  the  outer  wing  span  and  limits 
model  metric  arrangements.  The  dual  sting  and  annular  sting  support  system  provides 
minimum  blockage  and  interference  but  as  previously  mentioned,  is  limited  in 
angle-of-attack  and  jet  simulation  capability.  Regardless  of  the  support  system, 
the  support  influence  could  be  determined  either  by  calculating  local  pressures  near 
the  support  system,  or  by  special  support  testing  where  an  alternate  support  is  used 
to  hold  the  model  and  the  primary  support  is  tested  on  and  off  to  measure  the 
support  interference.  The  choice  of  a  model  support  system  depends  on  the  test 
objective,  test  facility,  existing  hardware,  and  cost.  For  throttle  dependent  force 
determination,  the  support  system  should  be  tailored  for  minimum  interference. 

The  experimental  techniques  previously  described  require  use  of  a  force  balance 
and  pressure  measurements.  A  typical  jet  effects  model  with  a  non-metric  section 
and  two  separate  metric  sections  is  shown  in  Figure  48.  The  use  of  one  or  both 
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Figure  45.  Inlet  Fairing  Effects  on  Aftprbody  Drag  (Reference  7) 
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techniques  is  a  much  discussed  and  controversial  area.  How  much,  if  any,  of  the 
aircraft  model  should  be  metric?  Can  surface  pressures  and  pressure  area  integra¬ 
tion  accurately  determine  throttle  dependent  forces?  The  presence  of  a  metric  break 
on  a  model  can  impact  the  downstream  flow,  creating  discontinuities  in  surface 
pressure  distributions.  In  addition,  the  presence  of  a  physical  gap  in  the  model 
separating  metric  and  nonmetric  sections  necessitates  additional  data  corrections 
for  metric  break  seal  and  cavity  forces.  Reference  25  presents  data  for  a  nacelle 
with  a  metric  afterbody  (Figure  49).  In  this  test  arrangement,  the  balance  loads 
and  the  corrections  (metric  seal  and  cavity  pressure)  are  the  same  magnitude  at 
subsonic  and  supersonic  Mach  numbers.  Figure  50.  The  issue  of  close  coupled 
inlet/nozzle  flows  has  opened  the  question  of  how  much  of  the  aircraft  must  be 
modeled  and  how  much  must  be  metric.  Pata  such  as  Figure  51  indicates  that  the 
throttle  dependent  change  in  aircraft  afterbody  pressure  distribution  with  nozzle 
power  setting  can  continue  upstream  of  the  maximum  cross  section  station  usually 
chosen  for  the  start  of  the  metric  section.  The  current  "guidance"  from  a  number  of 
sources  on  metric  break  placement  is  varied: 

(1)  Isolate  the  smallest  model  piece  to  satisfy  the  test,  objectives  with 
greatest  accuracy  (Reference  7). 

(2)  If  disturbances  from  inlet/nozzle  flow  carry  far  upstream  or  downstream,  a 
large  part  of  the  aircraft  must  not  only  be  simulated  but  also  must  be 
metric. 

(3)  Other  sources  (Reference  1,  26)  recommend  as  much  of  the  aircraft  as 
possible  be  on  a  force  balance  with  the  entire  aircraft  metric  if  allow¬ 
able. 

Obviously  the  solution  of  the  extent  of  the  model  required  to  be  metric  is  not 
absolute.  Other  factors  which  complicate  experimental  determination  of  throttle 
dependent  forces  are  accuracy  and  repeatability  of  data  and  wind  tunnel  effects. 
Accuracy,  as  defined  by  Reference  19,  is  the  uncertainty  of  a  value  due  to  systematic 
or  bias  error.  Accuracy  can  be  improved  by  careful  calibration  and  controlled  test 
techniques;  however,  Jaarsma  (Reference  20)  notes  that  accuracy  is  difficult  to 
assess  because  overall  accuracy  includes  a  combination  of  the  effects  of  many 
instruments  such  as  mass  flow  meters,  pressure  transducers,  thermocouples,  and  force 
balances.  As  stated  previously,  each  model  test  apparatus  presents  individual 
problems  in  sizing,  restricted  internal  space,  pressure  corrections,  metric  break 
seal  restraints,  thermal  expansion,  clearances,  and  other  items  which  make  any 
general  statement  of  achievable  accuracy  suspect  (Reference  2 ill. 
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Repeatability  is  defined  as  the  uncertainty  of  the  measurement  due  to  the 
presence  of  random  errors.  Reference  4  mentions  ±  1%  aircraft  drag  repeatability 
for  a  technique  which  measures  aircraft  transonic  spillage  drag  for  a  supersonic 
aircraft.  Both  high  repeatabil ity  and  reduced  bias  error  should  be  the  goal  when 
measuring  throttle  dependent  forces. 

Additional  factors  in  experimental  throttle  dependent  force  determination  are 
wind  tunnel  effects,  such  as  buoyancy,  blockage,  flow  quality,  and  Reynolds  number 
simulation.  These  items  will  not  be  discussed  in  the  report  but  the  reader  is 
referred  to  Pope  (Reference  28). 

3.  QUALITATIVE  TECHNIQUES  TO  ASSESS  THROTTLE  DEPENflENT  FORCES 

The  nature  and  extent  of  the  influence  of  the  propulsion  stream  on  the  in¬ 
let/nozzle  and  adjacent  aircraft  surfaces  can  he  determined  qualitatively  by  various 
flow  visualization  techniques.  Wind  tunnel  techniques  include  the  use  of  tufts, 
dye,  and  oil  flow,  all  indicating  surface  flow  direction,  the  presence  and  location 
of  shock  waves  and  areas  of  separation,  and  the  location  of  vortices.  Schlieren  and 
shadowgraph  techniques  can  indicate  in  supersonic  tunnel  flow  the  presence  of 
density  gradients,  i.e.  primarily  shock  waves.  A  technique  applicable  to  low  speed 
wind  tunnel  work  is  smoke  to  trace  streamlines  influenced  by  the  propulsion  stream. 
Oye  streams  and  bubbles  are  often  used  to  indicate  propulsion  stream  influence  in 
low  speed  water  tunnels.  All  of  these  techniques  can  provide  the  investigator 
further  insight  into  the  throttle  dependent  effects. 

4.  ANALYTICAL  TECHNIQUES 

In  addition  to  experimental  techniques,  analytical  or  computational  techniques 
ran  be  used  to  predict  throttle  dependent  forces.  In  general,  due  to  the  complex 
nature  of  the  interaction  of  the  propulsion  stream  with  the  external  flow  and 
adjacent  surfaces,  throttle  dependent  forces  are  difficult  to  predict.  Analytical 
techniques  vary  from  empirical  approaches  to  potential  flow  solutions,  from  quasi¬ 
time  dependent  to  time  dependent,  inviscid/viscous  patch  methods  to  full  Navier- 
Stokes  equations  solutions.  These  techniques  serve  a  useful  role  in  evaluating  and 
screening  concepts  relative  to  throttle  dependent  forces,  it  should  be  noted  that 
these  methods  usually  predict  surface  pressure  distributions  and  throttle  dependent 
forces  are  then  determined  from  pressure  area  integration.  Success  of  these 
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techniques  varies  with  the  level  of  accuracy  required  and  level  of  resources  availahl 
to  support  the  prediction.  The  extent  of  the  aircraft  simulated  also  determines  the 
success  of  these  techniques  but  this  simulation  is  limited  by  the  computer's  availabl 
storage.  In  this  section,  representative  techniques  will  be  discussed  for  throttle 
dependent  forces  for  supersonic/t.ransonic  aircraft  and  for  nacelle  installations  on 
transport  aircraft. 

5.  INLET  ANALYTICAL  TECHNIQUES 

Empirical  procedures  are  correlations  of  experimental  data  which  indicate 
trends  and  approximate  forces  for  particular  classes  of  inlet  configurations. 

Figure  5?  shows  a  spillage  drag  correlation  compared  with  experimental  data.  The 
procedures  provide  adequate  trends  but  do  not  reproduce  the  absolute  values.  These 
methods  can  be  useful  in  conceptual  and  preliminary  design  procedures.  The  success 
of  all  empirical  techniques  depends  on  the  data  base  and  the  degree  of  similarity  of 
the  configuration  being  analyzed  to  those  in  the  data  base.  If  carefully  restricted 
and  applied,  these  techniques  can  be  valuable  tools  for  determining  throttle  depen¬ 
dent  forces. 

Inlet  surface  pressures  are  often  calculated  by  two-dimensional  potential  flow 
solutions  over  a  range  of  angles  of  attack  and  mass  flow.  Boundary  layer  analysis 
is  sometimes  added  to  account  for  viscous  effects.  These  techniques  are  moderately 
successful  it  no  separation  is  present.  Local  velocity  profiles  on  a  supersonic 
inlet  lip  at  subsonic  conditions  at  different  angles  of  attack  and  mass  flow  ratios, 
calculated  by  a  two-dimensional  incompressible  technique  are  shown  in  Figure  53. 

These  methods  have  been  extended  to  three-dimensional  potential  and  viscous 
approaches.  Effects  of  inlet  flow  simulation  on  the  engine  nacelle  pressure  dis¬ 
tribution,  as  calculated  by  one  of  these  techniques,  is  presented  in  Figure  54. 

Note  that  the  effect  of  inlet,  flow  condition  extends  considerably  downstream  of  this 
inlet,  indicating  the  extent  of  the  nacelle  simulation  necessary  to  account  for  the 
entire  inlet  mass  flow  effect. 

An  Euler  equation  solution  mathematical ly  describes  the  motion  of  an  inviscid 
omnrrss ible  fluid  with  variable  entropy  and  can  capture  strong  shocks  and  model  jet 
exhausts .  An  i n 1 e»  ' forpbody  rnnf i qurat i on  has  been  analyzed  with  this  technique  to 
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Figure  54.  Predicted  Twin-«let  Nozzle  Pressure  Distributions  (Reference  3D) 
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determine  flow  angularity  near  a  potential  inlet  location  (Reference  32).  As  shown 
ip  Figure  55,  predicted  flow  angularities  agree  reasonably  well  with  experiment. 

Though  not  a  direct  example  of  a  throttle  dependent  force  calculation,  the 
solution  of  a  two-dimensional  mixed  compression  inlet,  by  a  Navier-Stokes  solution 
(Figure  56)  indicates  the  potential  for  very  detailed  inlet  analysis.  This  method 
(Reference  30)  is  described  as  a  MacCormick  explicit  finite  difference  algorithm 
with  modified  treatment  of  the  viscous  sublayer  and  of  the  turbulent  boundary  layer. 
The  method  provides  good  agreement  with  experimental  data,  and  while  for  the  case 
shown,  the  solution  ran  for  1.6  hours  on  a  TYPER  175,  run  times  are  being  reduced  so 
that  practical  applications  can  be  achieved.  Advanced  inlet  analytical  techniques 
are  being  developed  for  three-dimensional  viscous  flow  Navier-Stokes  solutions. 

6.  AFTERRODY/NflZZLE  ANALYTICAL  TECHNIQUES 

References  15,  2Q,  and  33  all  point  out  the  difficulty  involved  in  modeling  and 
predicting  the  flow  over  the  afterbody  nozzle  region.  Consequently,  the  throttle 
dependent  forces  due  to  changes  in  the  nozzle  boattail  angle  and  .iet  plume  are  also 
difficult  to  predict  since  the  afterbody/nozzle  is  dominated  by  strong 
viscous/inviscid  interactions  at  subsonic  and  transonic  speeds.  As  illustrated  on 
figure  57,  this  flow  is  characterized  by  pressure  gradients  which  may  cause  the 
boundary  layer  to  separate,  a  jet  exhaust  plume  that  may  grow  or  diminish  in  size 
depending  on  nozzle  pressure  ratio  (and  in  turn  change  freestrpam  flow  turning  and 
jet  entrainment),  and  a  large  viscous  mixing  region  between  the  jet  and  external 
flow.  If  the  external  flow  is  transonic  or  supersonic,  shock  waves  will  also  be 
present.  Recause  of  these  strong  viscous/inviscid  interactions,  inviscid  theoretica 
methods  have  been  found  to  be  inadequate  for  predicting  afterbody/nozzle  flow.  In 
general,  nozzle  surface  pressures  are  difficult  to  predict,  especially  at  transonic 
speeds,  but  trends  can  be  predicted  with  more  success  than  absolute  values.  As  with 
the  inlet,  the  full  range  of  techniques,  from  empirical  correlations  to  three- 
dimensional  Navier-Stokes  solutions,  have  been  applied  to  predict  afterbody  nozzle 
forces . 

Empirical  force  prediction  techniques  for  exhaust  nozzles  are  derived  from 
parametric  af terbody/nozzle  data.  Important  geometric  parameters  include  nozzlc- 
boattail  angle,  base  area,  initial  plume  angle,  overall  afterbody  closure,  nozzle 
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Figure  55.  Inlet  Flow  Field  Correlation  for  Side-Mounted  Inlet. 
M  =  ?.5,cc=  15  (Reference  3?) 
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Figure  57.  Schematic  of  Nozzle  Afterbody  Flow  (Reference  33) 
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type  and  spacing,  interfairing  type,  empennage  location,  and  the  proximity  of 
lifting  surfaces.  In  general,  geometric  effects  and  jet  effects  are  handled 
separately.  The  geometry  parameters  can  be  characterized  by  the  Integral  Mean  Slope 
(IMS)  correlation.  This  parameter  is  an  area  weighted  average  slope  of  the  non- 
dimensional  cross  sectional  area  plot  and  is  proportional  to  the  ideal  pressure  area 
integral  of  the  afterbody/nozzle.  The  formulation  and  a  correlation  of  the  parameter 
at  one  Mach  number  are  shown  in  Figure  58.  The  procedure  provides  a  good  prediction 
of  afterbody  pressure  drag  if  the  area  is  free  of  separation  and  is  "clean",  i.e., 
with  minimum  nearby  empennage  surfaces.  This  correlation  is  combined  with  a  plume 
correlation  parameter  to  account  for  the  geometric  as  well  as  jet  exhaust,  effects. 

Subsonic  viscous  flow  and  patch  methods  which  combine  the  inviscid  regions  with 
a  boundary  layer  calculation  and  an  exhaust  simulation  yield  more  rigorous  sub¬ 
sonic/transonic  solutions  of  the  nozzle  boattail  flow  field.  These  techniques 
include  representations  of  the  effects  of  skin  friction,  axial  pressure  gradients, 
jet  entrainment,  separated  flow,  jet.  mixing,  and  jet  temperature.  Two  examples  of 
these  techniques  are  given  in  References  5  and  33.  Bower  (Reference  5)  was  able  to 
predict  the  surface  pressure  distribution  of  an  axisymmetric  15  degree  boattail  with 
a  strong  viscous/inviscid  interaction  method  (Figure  59).  The  method  of  Wilmoth, 
described  in  Reference  33,  is  a  patch  method  which  combines  an  inviscid  flow  field, 
a  boundary  layer,  a  mixing  layer  between  the  jet  and  freestream,  and  a  displacement 
thickness  corrected  for  iet  plume  entrainment  and  growth.  A  comparison  of  predicted 
boattail  pressures  at  different  nozzle  pressure  ratios  compared  to  experimental  data 
is  shown  in  Figure  60.  This  method  provides  a  good  prediction  of  pressure  dis¬ 
tribution,  and  is  capable  of  accounting  for  jet.  temperature,  and  jet  chemical 
composition.  This  is  an  interactive  procedure  which  uses  approximately  30  seconds 
processing  time  on  a  CYBER  175  computer.  More  work  is  needed  to  refine  the  code  for 
use  in  describing  regions  of  boundary  layer  separation. 

A  strictly  supersonic  external  nozzle  boattail  flow  calculation  can  be  ap¬ 
proached  by  utilizing  a  small  perturbation  potential  flow  solution.  Often  this  can 
be  accomplished  by  a  Method  of  Characteristics  solution. 

A  more  robust  technique  is  a  time  dependent,  finite  difference  solution  to  the 
compressible  Navier-St.okes  equations  for  turbulent  separating  flows.  Fu 1 T  three- 
dimensional,  time  dependent.  Navier-St.okes  solutions  including  a  turbulence  model  are 
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Figure  60. 


Comparison  of  Predictions  of  Patched  Method  with  experiment. 
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the  goal  of  many  researchers  investigating  this  complicated  flow  field.  These 
solutions  require  large  computers  and  elaborate  computational  grid  generation 
techniques  and  are  being  supplemented  in  the  near  term  with  approximate  solutions  to 
these  eauations.  Good  prediction  across  the  Mach  number  range  of  the  surface 
pressures  of  an  axisymmetric  afterbody  is  shown  (Figure  61)  in  a  calculation  by 
Swanson  (Reference  33l.  The  results  required  5  minutes  computing  time  for  a  super¬ 
sonic  case  and  approximately  2  hours  for  a  subsonic  case  on  a  CYBFR  203  computer.  A 
velocity  splitting  technique  for  solving  the  steady  state  three-dimensional  Navier- 
Stokes  equations  at  transonic  speeds  for  general  bodies  has  been  developed  by 
Cosner.  This  method  has  shown  good  agreement  between  theory  and  experiment  for 
clean  afterbodies  with  approximately  1/2  hour  running  times  on  a  CYBER  175  computer 
(Reference  34). 

7.  TRANSPORT  NACELLE  ANALYTICAL  TECHNIQUES 

The  predominately  subsonic  flow  field  of  the  transport  nacelle  has  been  ap¬ 
proached  primarily  by  potential  flow  codes  and  by  axisymmetric  Navier-Stokes 
solutions.  Incompressible,  inviscid  techniques,  corrected  for  compressibil i+.y  and 
iterated  to  a  solution  are  successful  for  entirely  subsonic  flowfields.  Results  of 
a  low  speed  inlet  calculation  are  shown  in  Figure  62.  The  incompressible  solution 
with  compressibility  and  boundary  layer  corrections  agrees  reasonably  well  with  the 
data.  Transonic  relaxation  potential  flow  techniques  with  an  iterative  boundary 
layer  solution  have  also  been  applied  to  mixed  flow  problems.  Application  of  these 
techniques  to  a  transonic  cowl  is  shown  in  Figure  63.  Moderately  good  agreement  is 
seen  between  test  data  and  the  analysis.  Three-dimensional  geometries,  such  as  a 
nacelle  pylon,  are  also  solved  by  linearized  compressible  potential  flow  methods.  A 
flow  field  of  a  powered  nacelle,  with  the  plume  represented  as  a  solid  body,  is 
predicted  with  some  success  (Figure  64). 

Potential  methods,  three-dimensional  linearized  compressible  potential  flow 
solutions,  are  often  utilized  for  the  flow  around  high  bypass  ratio  engines.  The 
surface  of  the  complex  configurations  and,  to  some  extent,  the  inlet  and  nozzle 
flows,  are  represented  by  flat  panels.  A  semi-empirical  compressibility  term  for 
the  highly  curved  regions  at  the  inlet  leading  edge  may  be  employed  to  account  for 
the  high  local  Mach  numbers.  Reference  35.  A  typical  application  of  this  approach 
is  presented  in  Reference  36.  The  nacelle  representation  is  comprised  of  26(1  panels 
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Figure  61. 


Navier-St.okes  Solution  by  Swanson  for  Circular  Arc  Boattail 
Nozzles  with  Solid  Plume  Simulators  (Reference  33) 
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Figure  62.  Comparison  of  Calculated  and  Measured  Internal  Surface  Pressure 
Distributions  (Reference  5) 
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Figure  63. 


Figure  64. 


Transonic  Cowl  Pressure  Comparison  of  Analysis  and  Test 
(Reference  5) 
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and  includes  inlet  suction,  jet  spreading,  and  flow  entrainment.  The  wing/fuselage 
is  represented  by  160  panels.  Thp  wing  pressures  (Figure  65)  with  the  jet  on  and 
off  show  good  agreement  between  theory  and  wind  tunnel  test.  Another  application 
(Figure  66)  is  from  Haberland  (Reference  37)  where  an  axisymmetric  panel  method 
predicted  the  inlet  cowl  pressures  for  two  mass  flow  ratios.  For  the  most  part,  the 
measured  and  predicted  pressures  agree.  Leakage,  a  common  problem  ■for  panel  methods, 
is  the  difference  in  calculated  and  prescribed  mass  flow  rates  at  the  engine  face 
and  can  be  reduced  by  careful  selection  and  distribution  of  panels  around  the  cowl. 

Euler  solutions  for  transport  nacelles  are  described  in  References  38  and  39. 

For  a  subsonic  inlet  at  approximately  0.8  Mach  number  and  3  degrees  angle-of-attack, 
a  three-dimensional  Fuler  solution  agreed  well  with  experimental  pressure  dis¬ 
tributions  along  the  top  and  bottom  centerlines  (Figure  67).  The  computed  flowfield 
Mach  contours  are  shown  in  Figure  68.  On  a  long  duct  nacelle  calculated  with  a 
three-dimensional  Euler  solver  (Reference  39)  the  authors  point  out  that  an  undesirable 
compression  and  reexpansion  of  the  flow  on  the  nacelle  was  predicted  by  the  analysis; 
this  encourages  use  of  this  method  to  help  sort  out  propulsion  integration  problems. 

NASA  Langley  Research  Center  has  developed  a  Transonic  Small  Disturbance  Theory 
analysis  to  predict  flows  around  nacelle,  pylon,  and  fuselage  integrations.  Tin's 
method  uses  a  multiple  nested  computing  grid  with  coarse  global  grids  and  fine 
imbedded  grids  where  needed.  This  method  offers  high  resolution  and  flexibility  for 
reasonable  resources. 

Limited  Navier-St.okes  solutions  have  been  reported  for  transport  nacelles.  A 
mixed  flow  solution  for  a  JT9D  turbofan  engine  is  summarized  in  Reference  41.  At  a 
Mach  number  of  0.9  and  a  nozzle  pressure  ratio  of  7.6,  the  pressure  distribution  on 
the  external  fan  cowl,  afterbody,  and  plug  shows  good  agreement  between  theory  and 
experiment.  Figure  69. 

Some  conclusions  can  be  drawn  from  this  brief  review  of  analytical  techniques 
for  the  complex  flow  field  associated  with  throttle  dependent  forces.  Empirical 
techniques  are  useful  as  predictors  in  preliminary  design  if  care  is  exercised  in 
their  application  and  use.  Two-dimensional  and  three-dimensional  potential  flow 
method*  with  boundary  layer  and  compressibility  corrections  are  moderately  success- 
'u'  in  predicting  surface  pressure  distributions  around  inlets,  nozzles,  and 
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Figure  66.  Pressure  Distribution  at 
(Reference  37) 


Engine  Position  (Reference  40) 


an  Axisymmet.ric  Inlet  NACA  1-85-100 


AFViAL— TR-85-3055 


Figure  67.  Comparison  of  Surface  Pressure  Coefficient  =  0.79,  MFR  = 
“  =  3.06  (Reference  38) 
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Figure  68.  Calculated  Mach  Contours  for  Inlet  at  Angle  of  Attack 
(Reference  38) 
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Figure  69.  Navier-Stokes  Solution  of  Peery  and  Forester  (Reference  41) 
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nacelles.  Solutions  for  separated  regions  and  areas  of  mixed  flow  are  difficult  to 
obtain.  Patching  methods  can  provide  a  good  prediction  at  reasonable  cost.  The 
solution  of  the  Navier-Stokes  equations  is  limited  by  the  lack  of  a  good  turbulence 
model,  by  available  data/computational  storage,  and  by  cost.  All  of  the  methods 
vary  in  success  relative  to  the  level  of  accuracy  required  and  the  level  of 
resources  available.  Analytical  methods  of  all  levels  of  complexity  can  play  a  role 
in  the  prediction  of  throttle  dependent  forces.  Readers  are  referred  to  Boppe 
(Reference  4?)  for  a  more  complete  summary  of  the  state-of-the-art  computational 
methods  used  in  engine/airframe  integration. 
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SECTION  IV 

WIND  TUNNEL/ANALYSIS  DETERMINATION  OF  THROTTLE  DEPENDENT 

FORCES  IN  FLIGHT 

The  dynamic  nature  of  an  aircraft,  in  flight  makes  determination  of  throttle 
dependent  forces  difficult,  if  not  impossible.  Aircraft  are  rarely  instrumented  to 
measure  all  of  the  parameters  required,  such  as  mass  flow  ratio,  nozzle  total 
pressure,  exit  static  pressure,  and  inlet/nozzle  surface  pressures.  Further,  the 
aircraft  can  vary  mass  flow  ratio  or  nozzle  pressure  ratio  at  a  fixed  Mach  number 
only  over  a  small  ranee;  this  precludes  determination  of  spillage  or  boattail  drag 
at  the  off-desiqn  conditions.  The  alternative  to  flight,  determination  of  throttle 
dependent  forces  is  to  use  wind  tunnel  data  or  analytical  techniques  to  predict  the 
throttle  dependent  forces.  These  predictions  are  then  verified  by  correlating  the 
measured  or  predicted  surface  pressure  distributions  with  those  measured  in  flight. 
Plots  such  as  Figures  7D  and  71  tor  the  X-15  and  XB-70,  respectively,  show  examples 
of  correlations  of  base  pressures  measured  in  flight  with  wind  tunnel  and  analytical 
predicted  values.  This  section  will  describe  difficulties  and  discrepancies  in 
using  these  correlations  and  will  then  present  examples  of  wind  tunnel  and 
analytical  pressure  distributions  compared  to  pressure  distributions  measured  in 
fl  ight.. 

1.  SOURCES  OF  ERROR  -  WIND  TUNNEL/ANALYSIS  TO  FLIGHT 

Hunt  and  Gowadia  (Reference  1)  state  that  separate  determination  of  inlet  and 
nozzle  throttle  dependent  forces  is  not  possible  in  flight.  Further,  when  relying 
on  a  wind  tunnel  model  to  determine  these  forces,  it  is  not  possible  to  test  an 
accurate  scale  version  of  the  aircraft  duo  to  support  interference.  In  addition, 
there  is  re  well-established  method  of  reproducing  the  inlet,  and  nozzle  flows 
simultaneously  in  the  model  in  order  to  measure  their  interference  effects.  Ayers 
(Reference  44)  notes  that  prediction  of  full  scale  aircraft  forces  has  been  his¬ 
torically  hampered  by  the  inability  to  extrapolate  nozzle  boattail  and  base  effects. 
This  is  primarily  attributed  to  model  support  effects  and  an  inadequate  Reynolds 
number  simulation.  Due  to  wind  tunnel  limitations,  model  data  is  rarely  acquired  at 
flight.  Reynolds  numbers;  therefore,  for  flow  areas  with  strong  viscous  effects  and 
separated  reoions,  such  as  an  afterbody/nozzle,  the  wind  tunnel  simulation  can  be 
questionable.  A  compilation  of  possible  causes  of  discrepancies  between  wind  tunnel 
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Figure  70.  X- 1 5  Fuselage  Base  Pressure  Coefficients  (Reference  43) 
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Figure  71.  Comparison  of  Flight-Measured  XB-70  Average  Base  Pressure 
Coefficient  with  Predicted  Values  (Reference  43) 
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and  flight  data  developed  from  References  45,  46,  and  29  includes:  test  techniques, 
wall  and  support  effects,  inadequate  duplication  of  inlet/nozzle  flow,  wind  tunnel 
flow  quality,  model  detail,  aeroelastic  deformation  of  the  aircraft  in  flight, 
scaling  and  Reynolds  number  effects,  and  incorrect  assessment  of  inflight  inlet/ 
engine/nozzle  operating  characteristics. 

All  of  these  possible  sources  of  error,  plus  those  graphically  presented  in 
Figure  72,  do  not  indicate  that  the  task  is  impossible,  but  rather  point  out  the 
special  care  and  consideration  required  to  simulate  these  propulsion/airframe 
interactions.  The  next  section  will  present  four  examples  of  the  correlation  of 
wind  tunnel  data  and  analysis  with  flight  data  where  different  levels  of  success 
hove  been  achieved. 

WIND  TUNNEL /ANAL Y S T S  TO  FLIGHT  CORRELATION  -  FX AMPLE 5 

Since  throttle  dependent  forces  arp  very  difficult  to  determine  in  flight,  wind 
tunnel  and  analytical  assessments  of  these  forces  must  be  resolved  from  surface 
pressure  distributions.  Accuracy  of  these  methods  is  verified  bv  comparing  experi¬ 
mentally  or  analytically  predicted  pressure  distributions  with  flight  data.  These 
comparisons  have  been  performed  on  several  aircraft  systems,  including  the  B-l  and 
F-15,  which  were  the  sub.iect  of  extensive  wind  tunnel  to  flight  correlations.  In 
these  correlations,  special  attention  was  paid  to  the  inlet  and  nozzle.  Less 
detailed  comparisons  have  also  been  completed  for  the  YF-17  and  Tornado  aircraft  and 
will  be  presented  in  the  following  section. 


P-1 

A  correlation  between  wind  tunnel  and  flight  inlet  and  nozzle  pressure  data  was 
performed  with  the  objective  of  eliminating  as  many  of  the  potential  discrepancies 
between  the  data  sets  as  possible.  Wind  tunnel  data  was  taken  after  the  flight  test 
to  ensure  matching  of  conditions,  and  the  surface  pressure  orifice  locations  were  as 
closely  matched  as  possible.  Support  interference  was  determined  in  a  series  of 
wind  tunnel  tests  to  remove  effects  of  this  parameter.  Factors  which  could  not  be 
simulated  were  wing  flexibility  and  the  resulting  wing  gap  between  the  propulsion 
nacelle  and  the  lower  wing  surface,  environmental  control  system  (FES)  purge  air 
mass  flow  and  pressure,  and  absolute  Reynolds  number.  To  account  for  these  factors, 
Mie  model  wing  was  tested  to  determine  the  approximate  wing  nap  effect  and  the  ECS 
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air  was  varied  to  determine  its  effect,  hut  an  absolute  simulation  of  these  para¬ 
meters  was  not  possible.  Absolute  Reynolds  number  was  20  to  40  times  greater  for 
the  aircraft  than  the  6  percent  propulsion  model.  In  addition  to  the  flight  vehicle 
and  the  propulsion  wind  tunnel  model,  data  were  also  obtained  on  a  20  percent 
inlet/torebody  model  with  bypass  and  bleed  and  on  a  7  percent  inlet  force  model  to 
determine  inlet  ramp  and  cowl  forces.  Pressure  taps  were  matched  at  200  locations 
on  the  left  hand  inlet  and  aft  nacelle  of  the  B-l  aircraft  and  wind  tunnel  models 
(Figure  73).  In  general,  the  pressures  showed  good  agreement  between  wind  tunnel 
and  flight  test  data.  Agreement  was  better  in  the  nozzle  reqion  than  the  inlet,  and 
the  pressure  area  integrated  drag  estimates  correlated  to  within  approximately  10 
drag  counts.  It.  should  be  noted,  however,  that  differences  in  local  pressures 
existed  but  tended  to  cancel,  thus  resulting  in  the  final  correlation.  A  comparison 
of  the  inlet,  cowl  pressures,  shown  installed  in  Figure  74  and  as  pressure  coeffi¬ 
cients  in  Figure  75,  shows  better  agreement  for  the  6  percent  aircraft  model  than 
the  partial  aircraft  simulation  of  the  20  percent  model.  The  20  percent  model's 
pressure  coefficient  deviation  was  attributed  to  flow  field  interference  from  the 
large  cross-sectional  area  of  the  mass  flow  metering  system  and  the  downstream  model 
support.  Changes  of  inlet  drag  with  mass  flow  are  shown  in  Figure  76.  The  wind 
tunnel  model  drag  values  are  consistently  higher  (3-10  drag  counts)  but  show  similar 
trends  with  mass  flow. 

Nozzle  surface  pressure  measurement  locations  in  the  af+erbody/nozzle  region 
for  the  flight  vehicle  and  wind  tunnel  model  are  shown  in  Figure  77.  Comparison  of 
pressure  data  yielded  results  similar  to  those  for  the  inlet,  i.e.  the  pressure 
distr ibutions  were  comparable,  with  some  local  pressures  higher  and  some  lower. 
Integrated  pressure  drag  values  are  within  8  drag  counts  subsonically  and  15  counts 
supersonically  (Figure  78).  As  before,  the  data  trends  are  parallel.  These  dif¬ 
ferences  are  attributed  to  nozzle  crossflow,  some  unaccounted  support  system  inter¬ 
ference,  inlet  fairing  effects,  incorrect  environmental  control  system  air  simula¬ 
tion,  and  inadequate  simulation  of  separated  regions  on  the  wind  tunnel  model. 

The  issue  of  independent  assessment  of  inlet  and  nozzle  propulsion  flow  was 
also  addressed  in  this  study.  Varying  this  inlet's  mass  flow  changes  the  draq  of 
the  reference  nozzles  by  4  drag  counts  at  the  operating  condition  (Figure  79). 
Support  interference  studies  provided  insight  into  the  magnitude  of  sting  and  strut, 
effects .  As  shown  in  Figure  80,  the  model  was  tested  uprioht  and  inverted  to 
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determine  a  strut  effect.  This  effect  was  determined  to  be  3  drag  counts  at  0.85 
Mach  number  and  6  drag  counts  at  1.1  Mach  number.  The  model  was  also  tested  to 
determine  a  sting  interference  e ffect  for  corrections  to  the  aerodynamic  model. 

Figure  81  illustrates  that  the  effect  oh  the  afterbody  nozzle  drag  is  2  to  10  drag 
counts,  depending  on  Mach  number.  This  correlation  effort  for  the  highly  inter¬ 
active  flow  on  the  B-l  aircraft  nacelle  pointed  out  the  difficult  technical  problems 
surrounding  determination  of  throttle  dependent  forces. 

F-15 

The  F-15  wind  tunnel  to  flight  test  data  correlation  effort  is  well  documented. 
Representative  references  include  9,  49,  and  50.  The  7.5  percent  F-15  wind  tunnel 
model  and  flight  vehicle  were  instrumented  with  approximately  80  static  surface 
pressures  in  the  inlet  and  nozzle  region.  The  wind  tunnel  model  was  tested  at  0.6, 
0.9,  and  1.2  Mach  number  over  a  range  of  angles-of-attack  and  mass  flows.  Not. 
simulated  were  a  variable  bypass  door,  scaled  inlet  throat  probes,  or  a  hot  jet. 
exhaust.  Pressure  coefficient  uncertainty  targets  were  ±0.005  for  the  wind  tunnel 
test  and  +0.03  for  the  flight  test.  Flight  tolerances  desired  were:  angle-of-attack 
+0.25,  angle  of  yaw  +0.25,  and  Mach  number  +0.01.  Uind  tunnel  Reynolds  numbers  were 
usually  1?  million,  compared  to  a  flight  Reynolds  numbers  of  150  to  280  million. 

Inlet  ramp  and  cowl  pressure  instrumentation  locations  are  shown  in  Figure  82. 

Fxcept  downstream  of  the  throat  slot  bleed/bypass  exit,  good  agreement  exists 
between  wind  tunnel  and  flight  test  data  for  upper  cowl  pressures  (Figure  83). 

Similar  agreement,  was  evident  on  the  wing  fairing  (Figure  84).  Comparison  of  the 
pressure  area  integrated  drao  from  the  wind  tunnel  and  flight  vehicle  and  the  wind 
tunnel  force  balance  measurements  (Figure  85)  show  the  drags  correlate  well  at  0.6, 
0.9,  and  1.2  Mach  number  across  the  range  of  inlet  capture  ratios.  A  problem  does 
exist  at  higher  capture  ratios  for  0.6  Mach  number.  This  discrepancy  between  the 
wind  tunnel,  flight  and  force  balance  drag  data  is  attributed  to  the  large  flow 
angularity  at  the  inlet  lip  for  which  the  pressure  area  integration  cannot  account. 
Additional  testing  technique  development  for  improving  the  measurement  technique 
near  the  inlet  lip  is  required. 

Pressure  instrumentation  locations  on  the  nozzle  boattail  are  illustrated  in 
Figure  86.  Nozzle  pressures  correlate  well  except  for  the  pressures  on  the  nozzle 
sides  near  the  interfairing  or  tail  booms.  One  other  point  of  interest  concerning 
throttle  dependent  forces  is  shown  in  Figure  87.  Changing  the  inlet,  rotation  angle 
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produces  the  expected  upper  cowl  pressure  changes,  hut  also  unexpectedly  changes  the 
mid-fuselage  and  upper  nozzle  pressures.  This  Illustrates  a  pressure  distribution 
change  over  the  entire  aircraft  due  to  inlet  geometry  variations.  These  changes  may 
not  be  accounted  for  in  conventional  testing  techniques. 

YF-17 

Flight  test  surface  pressure  data  correlations  were  performed  with  the  YF-17 
aircraft.  Primary  emphasis  was  in  the  nozzle  boattail  area  (Figure  88).  Two  wind 
tunnel  models,  10  and  20  percent  scale,  were  tested  at  Arnold  Engineering  Develop¬ 
ment  Center  from  0.6  to  1.5  Mach  number  over  a  range  of  angles-of-attack  and  nozzle 
pressure  ratios.  Identified  model -to-fl ight  sources  of  error  were  support  inter¬ 
ference,  cold  exhaust  simulation,  faired  inlet,  lack  of  adequate  engine  bay  purge 
air  simulation,  inaccurate  variable  exhaust  nozzle  and  speed  brake  modeling,  and 
Reynolds  number  differences.  Wind  tunnel  repeatability  was  ±0.0005  for  pressure 
coefficient.,  ±0.1  degree  angle-of-attack,  and  ±0.10  nozzle  pressure  ratio.  Flight 
test  pressure  coefficient  uncertainties  were  ±0.000?  to  ±0.011,  depending  on  altitude 
and  Mach  number.  To  evaluate  support  interference,  the  model  was  held  by  a  sting 
support  with  and  without  a  dummy  wing  tip  support  (Figure  89).  All  possible  cor¬ 
rections  were  incorporated.  As  a  result,  for  both  0.6  and  0.9  Mach  number,  the 
wind  tunnel  and  flight  pressures  correlated  well,  though  some  differences  were 
present  near  the  wind  tunnel  model  metric  breaks.  Pressure  comparisons  at  0.6  Mach 
number  are  presented  in  Figure  90.  Oata  for  1.2  Mach  number,  Figure  91,  indicates 
more  expansion  and  recompression  was  present  in  the  flight  data  than  in  the  wind 
tunnel  data.  This  is  attributed  to  the  thinner  flight  boundary  layer  at  higher 
Reynolds  numbers  and  to  the  difference  in  nozzle  construction  from  a  solid  model  to 
a  flight  article  with  flexible  nozzle  boattail  leaves  and  seals.  In  general,  the 
support  system  interference  was  not  significant  subsonically  but  must  be  considered 
to  achieve  good  supersonic  correlation  of  wind  tunnel  and  flight  test  data. 

TORNADO 

The  multi-national  Tornado  aircraft  was  also  the  subject  of  a  general  cor¬ 
relation  of  wind  tunnel  and  flight  test  afterbody  pressures.  The  aircraft  and 
afterbody  nozzle  (Figure  92)  were  pressure  instrumented  in  the  boattail  and  base 
regions  to  compare  with  data  from  the  wind  tunnel  model  (Figure  93).  Upper  and 
lower  surface  boattail  pressure  data  are  compared  to  flight  test  pressures  at 
subsonic  speeds  in  Figure  94.  Pressure  data  on  the  wind  tunnel  model  show  good 
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Figure  88.  Pressure  Orifice  Locations-Left  Engine  Nacelle  and  Nozzle 
(Reference  51) 
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Figure  94.  Boattail  Surface  Static  Pressure  Distributions  (Reference  52) 


agreement  with  flight  test  data,  especially  on  the  lower  surface.  Rase  pressures, 
especially  on  this  nozzle,  were  good  correlating  parameters  for  drag  (Reference  5?) 
and  were  used  to  monitor  drag  changes  in  flight.  Wind  tunnel  and  flight  test  base 
pressures  (Figure  95)  are  approximately  the  same  level.  During  flight  tests,  an 
unsteady  throttle  dependent  *orce  was  identified.  A  geometric  fix  to  the  afterbody 
flow  instability  problem,  besides  reducing  the  prototype  aircraft  drag,  also 
identified  the  usefulness  of  unsteady  pressure  measurements  as  an  indication  of 
afterbody  flow  ouality  and  separation. 

Success  of  wind  tunnel/analytical  correlations  of  throttle  dependent  forces  is 
determined  bv  the  care  and  consideration  directed  to  eliminating  or  correctinq  the 
discrepancies  created  by  the  differences  in  the  wind  tunnel  model  and  the  flight 
vehicle.  Support  effects  can  be  corrected  with  some  success.  Simultaneous  duplica 
tion  of  inlet  and  nozzle  flows  is  critical  if  the  inlet  and  nozzle  flows  are  not 
independent.  Extensive  pressure  instrumentation  is  required  over  the  inlet  and 
nozzle  regions  and  all  other  aircraft  surfaces  influenced  by  the  propulsion  stream. 
The  task  is  not  impossible  but  requires  use  of  engineering  skill  and  resources. 


AFVJAL-TR-85-3055 


Figure  95. 
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SECTION  V 

FINAL  REMARKS 

Throttle  dependent  forces  are  all  forces,  internal  and  external,  acting  on  the 
engine  streamtube  and  aircraft  surfaces  that  change  with  engine  power  setting. 

These  forces  can  be  significant  for  tactical  aircraft  which  are  required  to  perform 
a  mission  over  a  wide  Mach  number  range  and  for  transport  aircraft,  which  have 
demandinq  cruise  performance  requirements.  The  primary  inlet  throttle  dependent 
forces  are  spillage  and  bypass  drag.  For  the  nozzle,  these  forces  are  boattail  and 
base  drao  and  jet  interference  and  entrainment.  These  forces  can  be  determined  with 
varying  success  by  analytical  techniques,  wind  tunnels  tests,  and  in  flight  tests. 
Computational  methods  and  test  techniques  are  essential  tools  and  are  evolving 
constantly. 
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BASIC  DEFINITIONS 

1.  Additive  Drag  (PApp)  -  Static  pressure  force  exerted,  in  the  wind  direction,  on 
the  inlet  streamtube,  between  freestream  conditions  and  the  inlet  stagnation  point, 
with  the  inlet  operating  at  zero  external  bleed  flow.  Alternatively  it  nay  be  looked 
upon  as  the  total  momentum  change  of  the  inlet  air  from  freestream  to  the  inlet 
stagnation  poinf,  with  the  inlet  operating  at  zero  external  bleed  flow. 


?.  Additive  Drag  Correlation  Factor  (KApp)  -  The  change  in  spillage  drag  from  the 
mass  flow  ratio  at  which  the  additive  drag  is  zero  to  an  operating  mass  flow  ratio, 
divided  by  the  theoretical  additive  drag: 

KADD  ■  ("add  -  4DLip,/DADD  («w»n*"c»l> 

if  it  is  assumed  that  the  correction  factor  is  not  a  function  of  mass  flow  ratio  fa 
common  assumption)  the  additive  drag  correction  factor  is  the  change  in  spillage  drag 
divided  by  the  change  in  theoretical  additive  drag  between  any  two  mass  flow 
conditions. 

KADD  =  ADSpill/ADAdd  (tactical)  [if  KApp  t  f  ( MFR ) ] 

3.  Aerodynamic  Reference  Configuration  (Reference  Configuration)  -  Configuration 
tested  on  external  aerodynamics  model.  Usually  a  fixed  configuration  with  a  flow 
through  duct  propulsion  system. 

4.  Aerodynamic  Reference  Model  -  Wind  tunnel  model  used  to  determine  the  forces  ano 
moments  of  the  reference  aircraft  configuration. 
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BASIC  DEFINITIONS  (Cont’d) 

5.  Afterbody  -  Total  fuselage  and/or  nacelle  from  the  fuselage  maximum  cross  section 
to  the  noz?le  exit  station,  including  base  area. 

6.  Afterbody  Drag  -  Boattail  plus  base  drag. 

7.  Base  Area  -  Cross  sectional  area  projected  normal  to  the  fuselage  reference  line 
of  any  geometrical ly  definable  area  aft  of  the  maximum  cross  section  station  that  is 
known  to  be  totally  in  a  separated  flow  region. 

8.  Base  Drag  -  Drag  attributable  to  a  base  area. 

9.  Bleed  Drag  -  (0^)  -  Wind  direction  component,  of  total  momentum  loss  from 
freestream  to  exit  station  of  the  bleed  air,  plus  the  incremental  change  in  external 
drag,  at  constant  inlet  airflow,  from  no  bleed  to  the  operating  bleed.  Note  that  in 
the  case  of  external  bleed  drag  (bleed  air  taken  off  ahead  of  the  inlet  lip  station), 
although  the  definition  is  identical,  there  is  an  important  difference.  In  this  case 
the  bleed  flow  alters  the  inlet  stagnation  streamtube  shape,  even  at  a  constant  inlet 
airflow.  Therefore  the  incremental  change  in  external  drag  includes  a  change  in  the 
"spillage  drag"  in  addition  to  the  change  in  external  drag  due  to  the  perturbations  at 
the  bleed  exit  station. 

10.  Boattail  -  Amount  of  fuselage  and/or  nacelle  closure  between  two  stations. 

Measured  by  planar  cuts  normal  to  the  fuselage  reference  line  through  various  aircraft 
sections  (less  any  base  closure  between  the  stations). 

11.  Boattail  Drag  -  Total  drag  (pressure  plus  friction)  on  the  nozzle  boattail  minus 
base  drag  (does  not  include  tail  surfaces). 

1?.  Bypass  Drag  (0^)  -  Wind  direction  component  of  total  momentum  loss  from 
freestream  to  exit  station  of  the  bypass  air  plus  the  incremental  change  in  external 
drag,  at  constant  inlet  airflow,  from  no  bypass  to  the  operating  bypass. 

13.  Capture  Area,  Design  (App$  or  ARpf)  -  For  variable  capture  area  Inlets  this  is  the 
capture  area  setting  at  which  the  inlet  contours  are  designed. 
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BASIC  DEFINITIONS  (Cont'd) 

14.  Capture  Area,  Inlet  (Ac)  -  Area  enclosed  by  the  locus  of  most  forward  points 
(measured  normal  to  the  inlet  reference  line)  on  the  inlet  cowl,  sideplates  and  first 
ramp  or  boundary  layer  diverter,  projected  in  the  freestream  direction. 

15.  Cowl  Length  (1  )  -  Length  from  cowl  lip  station  to  the  fuselage  or  nacelle 

maximum  cross  section  station  measured  along  the  fuselage  reference  line. 

16.  Datum  Configuration  -  Configuration  used  as  a  basis  of  comparison  with  other 
configurations  of  the  same  type. 

17.  Drag  Polar  -  A  plot  of  drag  versus  lift.  For  bookkeeping  purposes  it  is  presented 
for  the  operating  reference  configuration. 

18.  Drag  Polar  Exhaust  Increments  -  Lift,  drag  and  pitching  moment  differences  between 
the  aerodynamic  reference  and  operating  reference  exhaust  system  configurations  which 
are  allocated  to  the  aircraft  drag  polar. 

19.  Drag  Polar  Inlet  Increments  -  Lift,  drag  and  pitching  moment  differences  between 
aerodynamic  reference  and  operating  reference  inlet  configurations  which  are  allocated 
to  the  aircraft  drag  polar. 

?0.  Engine  Air  -  All  air  entering  the  engine  compressor  face  including  all  air  removed 
from  or  injected  into  the  engine  airstream  aft  of  the  compressor  face.  This  will 
include  for  example  high  compressor  bleed  air,  fan  bleed  air,  nozzle  bleed  air  (e.a. 
jet  flaps)  and  secondary  air  injected  into  the  nozzle  flow.  The  lone  exception  to  this 
definition  will  be  tertiary  nozzle  air  which  will  be  defined  as  an  external  flow 
stream. 

,"!.  Exhaust  System  Force  Model  -  Wind  tunnel  model  used  to  determine  the  relative 
forces  and  moments  of  the  aerodynamic  reference,  operating  reference,  and  operating 
exhaust  system  configurations. 

??.  Exit  Station  (e)  -  The  most  downstream  station,  measured  along  the  fuselage 
rpfprence  line,  at  which  the  internal  airflow  is  completely  confined  by  solid  surfaces. 
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BASIC  DEFINITIONS  (Cont'd) 

23.  External  Drag  (D  -  Pressure  plus  friction  force  in  the  wind  direction  on  the 
external  surface  of  the  aircraft,  minus  the  static  force  on  all  external  surfaces 
effected  by  the  propul sior  airstreams. 

24.  External  Surfaces  -  All  aerodynamic  surfaces  not  included  in  the  internal 
surfaces. 

25.  Friction  Force,  Calculated  -  Skin  friction  force  obtained  from  skin  friction 
coefficient  correlations  and  model  local  flow  conditions. 

?f>.  Fuselage  Boattail  -  Closure  of  the  fuselage  and/or  nacelle  from  maximum  cross 
section  to  customer  connect,  less  any  base  closure  between  the  stations  (does  not 
include  tail  surface). 

27.  Fuselage  Boattail  Angle  (B^)  -  Chord  line  from  customer  connect  to  maximum 
nacelle/fuselage  cross  sectional  area  station. 

28.  Fuselage  Boattail  Drag  (Afterbody  Boattail  Drag)  -  Total  drag  (pressure  plus 
friction)  on  the  afterbody  (does  not  include  base  drag). 

29.  Gross  Thrust  -  (F  )  (Uninstalled  Gross  Thrust)  -  The  static  force  vector  generated 
by  the  engine  operating  with  Mil  Spec  total  pressure  recovery  at  the  compressor  face 
and  no  customer  bleed  or  horsepower  extractions.  Here  the  static  force  will  include 
the  total  momentum  of  all  propulsion  air  streams  at  their  respective  exit  station  and 
all  static  friction  and  pressure  forces  on  any  external  surfaces  effected  by  the 
propulsion  streams. 

30.  Highlight  Point  -  A  point  at  which  a  line  normal  to  the  inlet  reference  line  is 
tangent  to  the  inlet  leading  edge  contour. 


Highlight  Point 


Inlot  Reference  Line 
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BASIC  DEFINITIONS  (Cont’d) 

31.  Inlet  Airflow  -  AH  air  which  enters  the  inlet  at  the  cowl  lip  station.  Includes 
bleed  taken  out  aft  of  the  lip  station  but  does  not  include  bleed  removed  forward  of 
this  station. 

32.  Inlet  Force  Model  -  Wind  tunnel  model  used  to  determine  the  relative  forces  and 
moment?  of  the  aerodynamic  reference,  operating  reference,  and  operating  inlet 

conf igurations . 

33.  Inlet.  Lip  Area  (A.)  -  Physical  duct  cross  sectional  area  measured  from  the  most 
aft  highlight  point  (usually  the  cowl  centerline  highlight  point)  to  the 
ramp/centerbody  at  an  angle  normal  to  the  ramp  centerbody.  Pitot  (open  nose)  inlets 
are  considered  as  an  axisymmetric  inlet  with  a  zero  (0)  degree  centerbody  for  the 
purpose  of  this  definition. 


34.  Installed  Gross  Thrust  (F  )  -  The  static  force  generated  by  the  engine 

g-nst 

operating  with  the  installed  total  pressure  recovery  at  the  compressor  face  and  with 
installed  customer  bleed  air  and  horsepower  extractions.  Static  force  is  defined  the 
same  as  in  Gross  Thrust. 

36.  Installed  Net  Thrust  (F_  )  -  Installed  Gross  Thrust  minus  the  ram  drag 

-  ninst 

(mengVo^  a11  engine  air.  (Installed  Net  Thrust  does  not  include  throttle  dependent 
frag  increments.) 

36.  Integrated  Pressure  Force  -  Force  obtained  by  assigning  surface  areas  to  selected 
model  static  pressure  taps  and  mathematically  combining  the  pressure  X  area  terns  in 
axial  and  normal  directions. 
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BASIC  DEFINITIONS  (Cont'd) 

37.  Internal  Drag  (D^y)  -  Pressure  plus  friction  force,  positive  in  the  wind 
direction,  on  the  internal  surfaces  of  the  aircraft.  (Djfjy  =  -F^y). 

38.  Internal  Surface  -  All  internal  surfaces  from  the  locus  of  inlet  stagnation  points 
(stagnation  points  on  the  cowl  lip,  sideplates  and  forward  ramp  or  boundary  layer 
gutter  leading  edge)  to  the  respective  propulsion  air  exit  stations  at  which  exit 
momentum  is  defined. 

39.  Internal  Thrust  (FjNy)  -  The  pressure  plus  friction  force  developed  on  all 
internal  surfaces. 

40.  Lift  -  (L)  -  External  pressure  plus  friction  force  exerted  on  the  aircraft  in  a 
direction  normal  to  the  wind  direction  in  the  plane  of  symmetry. 

41.  Lip  Suction  Increment  -  Change  in  the  external  drag  (usually  a  reduction)  due  to  a 
change  in  inlet  airflow  from  baseline  to  operating  conditions  with  the  inlet  operating 
at.  zero  external  bleed  flow. 

4?.  Met  Thrust  (F^)  -  (Uninstalled  Net  Thrust)  -  Uninstalled  Gross  Thrust  minus  the 

ran  drag  (m  V  )  of  all  engine  air. 
eng  o 

43.  Nozzle  Boattail  -  Closure  on  the  nozzle  from  customer  connect  to  nozzle  exit 
stations. 

44.  Nozzle  Boattail  Angle  (p)  -  Chord  line  from  nozzle  exit  to  customer  connect. 

45.  Nozzle  Drag  -  (Nozzle  of  the  nozzle  boattail). 

46.  Operating  Configuration  -  Configuration  representing  an  actual  aircraft  operating 
condition  for  which  performance  is  being  predicted. 

47.  Operating  Reference  Configuration  (Baseline  or  Datum  Configuration)  - 
Conf iouration  for  which  the  drag  polar  is  derived  and  from  which  all  propulsion 
installation  force  increments  are  taken.  Usually  a  function  of  flight  Mach  Number 
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BASIC  DEFINITIONS  (Cont'd) 

48.  Operating  Reference  Configuration  Forces  -  The  external  forces  and  the  additive 
forces  at  operating  reference  conditions  resolved  into  lift,  drag,  and  side  force 
components. 

40.  Operating  Reference  Configuration  Moments  -  The  moments  associated  with  external 
forces,  the  ram  drag,  the  additive  forces,  and  the  oross  thrust  at  operating  reference 
conditions  resolved  into  pitching,  yawing,  and  rolling  moments. 

50.  Propulsion  Air  Stream  -  All  exit  streams  used  in  the  calculation  of  gross  thrust. 
Since  the  exact  definition  of  this  will  vary  from  configuration  to  configuration  (e.g. 
engine  air  used  in  iet  flaps,  or  spanwise  blowing)  this  must  be  well  defined  for  each 
specific  configuration. 

51.  Propulsive  Force  (F  )  -  (Installed  Propulsive  Forcel  Installed  Net  Thrust  minus 
all  throttle  dependent  force  increments. 

5?.  Ram  Drag  (0ram)  -  Product  of  the  flight  velocity  (Vo)  and  the  engine  air  mass  flow 

rat.p  (m  ). 
eng7 

53.  Reference  Capture  Area  (Arpf)  -  The  design  capture  area  projected  in  the  direction 
of  the  inlet  reference  line.  Used  in  inlet  drag  coefficient. 

5£.  Reference  Configuration  -  Aerodynamic  reference  configuration. 

55.  Scrubbing  Drag  -  Incremental  force  (pressure  plus  friction)  in  the  wind  direction 
on  all  afterbody  external  surfaces  between  the  zero  nozzle  flow  condition  and  the 
operating  condition. 

56.  Side  Force  -  Pressure  plus  friction  force  exerted  on  the  aircraft  in  a  direction 
normal  to  the  wind  direction  and  normal  to  the  plane  of  symmetry. 

57.  Spillage  Drag  -  (I^p-jn)  “  Incremental  change  in  additive  drag  plus  lip  suction 
due  to  a  change  in  inlet  airflow  from  operating  reference  to  operating  conditions  with 
the  inlet  operating  at  zero  external  bleed  flow. 
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BASIC  DEFINITIONS  (Concluded) 

58.  Subsonic  Duct  Angle  -  (0sd)  -  Equivalent  cone  expansion  half  angle  of  the  subsonic 
diffuser  from  the  throat  section  to  the  compressor  face  station  neglecting  the  engine 
bullet  nose. 

59.  Throat  Area,  Inlet  (Af)  -  Minimum  physical  duct  cross  section  area  measured  at 

angle  of  minimum  cross  section  (cannot  occur  in  opening  of  bleed/bypass  slots). 

60.  Throttle  Dependent.  Exhaust  Increments  -  Force  and  moment  differences  between 
operating  reference  and  operating  exhaust  system  configuration  which  are  allocated  to 
the  propulsive  force. 

61.  Throttle  Dependent  External  Drag  Increments  (aDT0)  -  Throttle  dependent  exhaust 

drag  increment  plus  the  throttle  dependent  inlet  drag  increment. 

62.  Throttle  Dependent  Inlet  Increments  -  Force  and  moment  differences  between  the 

operating  inlet  configurations  which  are  allocated  to  the  propulsive  force. 

63.  Throttle  Dependent  Moments  -  The  power  setting  dependent  moment  increments  between 
operating  reference  conditions. 

64.  Total  Momentum  -  Sum  of  the  momentum  flux  (velocity  times  mas«:  flow  rate  mV)  and 
pressure  forces  (area  times  pressure  increment  above  ambient  A(P-Pq)). 

65.  Trimmed  Drag  Polar  -  The  drag  polar  of  a  series  of  con-figurations  (due  to  varying 
control  surfaces)  for  which  all  moments  are  zero  at  each  individual  point. 


105 


U.S.(i(wet nmon*  Print 


♦♦ho 


